Micromagnetic calculations using a finite element technique rigorously describe the magnetic properties of novel, isotropic rare-earth-based composite, magnets. Numerical results obtained for a composite material of Nd,Fe,,B, SmCo, or Sm2(Feo,sCoo.jr7N2.s and o-Fe particles show that remanence, coercivity, and coercive squareness sensitively depend on microstructural features. Interparticle exchange interactions enhance the remanence by about 60% with respect to noninteracting particles for a mean-grain size approaching the exchange length of the soft magnetic phase and a significant percentage of cr-Fe. On the other hand, exchange interactions between the phases suppress the nucleation of reversed domains and thus preserve a high coercive field. Therefore, optimally structured, isotropic composite magnets show remarkably high energy products exceeding 400 kJ/m3.
I. INTRODUCTION
Composite materials of magnetically hard and soft particles are excellent candidates for high performance permanent magnets. In composite permanent magnets soft magnetic grains cause a high magnetization and hard magnetic grains induce a large coercivity provided that the particles are small and strongly exchange coupled. Owing to remanence enhancement, nanostructured, composite magnets are expected to improve the maximum energy product of permanent magnets dramatical1y.t Coehoorn, Mooij, and Waard2 found a considerably increased remanence in melt-spun NdFe-B magnets of nominal composition containing a substantial fraction of soft magnetic FesB grains. Recently, Ding, McCormick, and Street3 reported a maximum energy product of more than (BH),,= 200 kI/m3 in mechanically alloyed, isotropic SmTFe,3-nitride powders where exchange interactions between a soft magnetic acFe and a hard magnetic SmaFe,,N, phase cause a significant enhancement of the remanence. A similar behavior was found in composite magnets of Nd Fe,,B solidification. 4%
and o-Fe produced by rapid ' The maximum possible energy product is an intrinsic quantity (BH):, = Jf/(4,q,),6 depending only on the spontaneous magnetic polarization J, . In order to reach this theoretical maximum, it is required that the magnet maintains saturated until the opposing field reaches the value -(1/2)(J,/ll~o).~ In real magnets the remanent polarization Jr rather than the spontaneous magnetic polarization will determine the maximum energy product, (BH),,,.
Within the framework of the Stoner-Wohlfarth theory,8 which assumes noninteracting single domain particles, the remanent magnetic polarization is given by Jr=Js(cos S), 0)
where 4 is the angle between the saturation direction and the easy axes and ( ) denotes an ensemble average. According to (1) Jr/J, is 0.5 for an assembly of noninteracting and randomly oriented particles, whereas Jr/J, is 2/~=0.637 for microstructures with in-plane random texture. A theoretical treatment of remanence enhancement must take into account interactions of the grains. Using a onedimensional micromagnetic model, Kneller and Hawig' estimated the optimum microstructure of composite magnets to consist of hard grains embedded in a magnetically soft matrix with the lateral dimensions of both phases about equal to the domain wall width of the hard magnetic phase. Gronefeldr' numerically calculated the remanence of composite magnets, solving Poisson's equation for the magnetization distribution on a lattice of magnetically hard and soft moments. The results show that almost all the magnetic moments of the soft magnetic phase become aligned parallel to the saturation direction, which corresponds to the average direction of the easy axes of the neighboring hard magnetic grains. Nieber et al. I1 and Skomski et aL1 explicitly derived the magnetic properties of multilayers being composed of magnetically soft and hard layers. This article gives a quantitative treatment of the correlation between the microstructure and the magnetic properties of isotropic, rare-earth based composite magnets. In order to describe magnetization processes of realistic microstructures, the classical StonerWohlfarth theory' has been extended to nonellipsoidal and interacting particles using a finite element technique.
Section II of this article introduces the micromagnetic concepts and the computational methods of the simulation model. Section III describes the two-and three-dimensional grain structures used for the calculations. Section IV presents the basic magnetic properties of nanocrystalline, composite magnets. Section V compares the demagnetization curves obtained for composite materials of Nd,Fe,,B, SmCos, Sm,(Feo.s,Coo,a)17N2.s and a--Fe particles.
II. MICROMAGNETIC AND COMPUTATIONAL BACKGROUND
Minimizing the total magnetic Gibb's free energy with respect to the magnetic polarization J,, subject to the constraint that [Js[ is constant, yields a stable equilibrium state of a magnetic structure. If one neglects magnetoelastic and surface anisotropy effects, the magnetic Gibb's free energy +r of a ferromagnetic specimen in an applied magnetic field is the sum of the exchange energy, the magnetocrystalline anisotropy energy, the stray field energy, and the magnetostatic energy of the J, in an external field Hext.r2 For uniaxial magnetic materials, where the direction of J, may be described by the angle (Y between J, and the easy axis, 4c is given byr3 
where Kr, K, are the anisotropy constants, and A is the exchange constant. Using the polar angle rp and the azimuth angle 4 to represent J,, automatically fulfills the nonlinear constraint, IJ,I =J, , during minimization. All energy terms but the stray field energy, r$$= -$Js+Hdd3r, depend only locally on the magnetic polarization J, . The demagnetizing field Hd follows from magnetic volume charges, V.J, , within the grains and magnetic surface charges, J,.n (n denotes the surface normal) at the grain boundaries. Owing to these long-range contributions of J, to Hd, the direct evaluation of the total magnetic Gibb's free energy requires both large memory and long computation time. Introducing a magnetic vector potential to treat the demagnetizing field eliminates long-range interactions from the total Gibb's free energy.14*r5 BrownI showed that the stray field energy (6, due to J,(r) can be approximated by an upper bound, given by
where A is an arbitrary continuous vector whose derivatives are also continuous everywhere. The functional W if minimized with respect to A, makes A equal to the magnetic vector potential VXA=&H,+ J, . W itself reduces to the stray-field energy &. Replacing the stray-field energy in Eq.
(2) by WJ, ,A] leads to an auxiliary functional whose local minima are in one-to-one correspondence to those of the total Gibb's free energy.14 Fredkin and Koehlerr7 originally applied a magnetic vector potential in micromagnetic finite element calculations, in order to investigate magnetization processes in irregular shaped particles. The linear interpolation of the magnetization angles and of the magnetic vector potential on triangular or tetrahedral elements gives an algebraic optimization problem. Since the magnetic polarization J, and the magnetic vector potential A are two independent variables, the minimization can be performed simultaneously with respect to J, and A. Thus convergence difficulties of iterative techniques, which alternate between solving for a magnetic scalar potential for fixed magnetization and minimizing the total energy for fixed demagnetizing field, can be avoided. Among standard numerical minimization techniques, a preconditioned quasi-Newton conjugate gradient method'* proved to be most efficient for minimizing the total Gibb's free energy of magnetic rnicrostructures. The functional w13,,A] is an integral not only over the magnetic particle but over the whole space. In principle, the finite element mesh has to be extended over a large region outside the particle. Applying spatial transformations to evaluate the integral reduces the size of the external mesh and provides an accurate approximation of the stray-field energy.1g'20
Ill. MAGNETIC MICROSTRUCTURES Modeling of grain growth yields realistic two-or threedimensional microstructures. Starting from randomly located seed points, grains grow with constant growth velocity in each direction.21 Figure 1 shows a cut through a cubic model magnet consisting of 64 irregularly shaped particles. Figure 2 gives the distribution of the grain diameters. In order to describe composite magnets, material parameters of magnetically hard and soft phases are assigned to each grain. Beginning with the smallest grains, a fraction of the particles are considered to be magnetically soft. Thus the mean grain size of the soft magnetic particles becomes smaller than that of the hard magnetic grains which has been been found in rapidly solidified, Nd-Fe-B based composite magnets.' The randomly oriented particles have direct contact and are coupled by short-range exchange and long-range magnetostatic interactions.
The basic magnetic properties of isotropic, composite magnets have been calculated for three-dimensional microstructures. However, the computational effort is much smaller in two-dimensional calculations where the magnetization is constrained in a plane and taken to be uniform in a direction perpendicular to this plane. The two-dimensional approximation of naturally three-dimensional magnetization processes does not severely influence the magnetic properties.'0 Thus, the comparison of the magnetic properties of various rare-earth-based composite magnets has been performed using two-dimensional microstructures. The twodimensional grain structure consists of 30 grains with nearly hexagonal shape. Table I gives the intrinsic magnetic properties of the different materials used for the calculations. and 20 nm, respectively. For the calculations, the material parameters of Nd,Fe,,B and a--Fe at room temperature have been used. The numerical results clearly show that the magnetic properties of nanocrystalline, composite magnets drastically changes with the amount of cr-Fe and with the average grain size. Figure 4 gives the remanence, the coercive field, and the maximum energy product of Nd2Fe14B-based composite magnets as a function of the amount of a--Fe for a mean grain size of 10 and 20 nm. The remarkably high remanence of nanocrystalline composite magnets has to be attributed to (1) the increased spontaneous magnetization of the soft magnetic phase and (2) remanence enhancement owing to interparticle exchange interactions. Figure 4 compares both con-TABLE I. Intrinsic magnetic properties at T=300 K of hard and soft magnetic materials used for the cakulations. J, , Kr , I;', A, and T, denotes the spontaneous magnetization, the first and second anisotropy constants, the exchange constant, and the Curie temperature, respectively.
IV. BASIC MAGNETIC PROPERTIES OF ISOTROPIC, COMPOSITE MAGNETS
Nd,Fer,B tributions to the remanence. According to the StonerWohlfarth theory,* an isotropic Nd,Fe,,B magnet has a remanence of J,=J,/2=0.8 T. The dotted line gives the re: manence of the composite material assuming noninteracting particles. The remanence increases linearly with the percentage of &-Fe. The difference between the numerical results and the Stoner-Wohlfaxth theory has to be entirely attributed to intergrain exchange interactions. In nanocrystalline materials exchange interactions align the magnetic moments parallel to the saturation direction and thus considerably increase the remanence. In soft magnetic particles exchange interactions override competitive micromagnetic effects to a @eater extent than in hard magnetic grains. Therefore, remanence enhancement due to interparticle interactions increases with increasing amount of c&e.
The spin arrangements for zero applied field, given in Fig. 5 for a composite magnet of 60% Nd2Fe14B and 40% a-Fe, demonstrate the effect of the particle size. For a mean grain size of 10 nm the exchange length of a-Fe, I,, = TJA~, approaches the particle diameter. Thus, almost all the magnetic moments of the soft magnetic phase are aligned parallel to the saturation direction. The ratio of the remanent to saturation polarization shows a remarkably high value of J,lJ,=O.79. For a mean grain size of 40 nm, stray field effects determine the direction of J, within the soft h soft magnetic D=4Onm J?IG. 5. Spin arrangements for zero appIied field at the surface and in the interior of a composite magnet of 60% Nd2Fe14B and 40% cu-Fe for 10 and 40 nm mean grain size. The arrows with the closed heads denote the magnetic moments within hard magnetic grains, the arrows with the open heads denote the magnetic moments within soft magnetic grains. magnetic phase. Exchange interactions influence the magnetization of the soft magnetic particles only near the interface between hard and soft magnetic phases. The ratio of the remanent to saturation polarization reaches only J,/J,=O.66.
The coercive field decreases with increasing amount of a-Fe. Nevertheless, exchange interactions between the hard and soft magnetic phases preserve a high coercive field. As a consequence the maximum energy product resembles the behavior of the remanence. For a mean grain size of 10 nm and more than 50% &Fe content, isotropic Nd,Fe,,B-based composite magnets show maximum energy products exceeding 400 kJ/m3. The self-demagnetizing field deteriorates the coercive squareness owing to reversible rotations or magnetization reversal within large soft magnetic regions. Thus, the increase of (BH),, with the increasing percentage of a--Fe is less significant for a grain size of 20 nm. demagnetization curves for a mean grain size of 10 nm The nucleation field of a soft magnetic gram embedded clearly shows that the nucleation field of the soft magnetic within a hard magnetic phase decreases with increasing phase increases with increasing magnetocrystalline anisotgrams size. zs-26 The nucleation of reversed domains within ropy of the hard magnetic phase. Exchange hardening bethe soft magnetic particles may cause magnetization reversal comes less effective with increasing grain size. Consein neighboring hard magnetic grains, depending on the disquently, for a mean grain size of 40 nm, the nucleation field tribution of magnetically hard and soft phases, on the shape of the soft magnetic phase approaches nearly the same value of the grains, and on the orientation of the easy axes. If the for all composite materials. Nevertheless, the coercive field reversal of the soft magnetic particles initiates a cascade-type and the shape of the demagnetization curves differ drastically demagnetization process, the coercive field will be deterfor the different materials. In NdzFer4B-based magnets the mined by the nucleation field of the soft magnetic particles nucleation of reversed domains within the soft magnetic and thus will decrease with increasing grain size.
phase initiates a cascade-type demagnetization of neighbor- ing hard magnetic particles at a slightly increased external field. In composite magnets based on nitrided intermetallic compounds or SmCo,, the elevated magnetocrystalline anisotropy of the hard magnetic phase preserves a high coercive field despite the reversal of the soft magnetic particles. However, the nucleation of reversed domains within the soft magnetic phase deteriorates the shape of the demagnetization curves. Figure 8 compares the maximum energy product as a function of the gram size for composite magnets of 80% hard magnetic phase and 20% &Fe. All materials but SmCo, show an energy product of about 300 kJ/m3 for a mean grain size D=20 mn. Because of a high coercive field, Sm2(Feo.aCo,~,,N,s-based composite magnets will show a better temperature stability and thus are superior to Nd,Fe,,B-based magnets.
VI. CONCLUSIONS
Numerical micromagnetic calculations reveal the microstructural and micromagnetic conditions required for high remanent and high coercive composite magnets. The excellent hard magnetic properties of optimally structured composite magnets have to be attributed to intergrain exchange interactions. (1) Exchange interactions enhance the remanence by more than 40% as compared to the remanence of noninteracting particles. (2j Exchange hardening of the soft magnetic particles preserves a sufficiently high coercive field. The numerical studies show that remanence enhancement and exchange hardening are most effective for an average gram size comparable with the exchange length of the soft magnetic phase and a signifkantly high amount of soft magnetic particles.
